Nanoindentation technique was employed to measure the changes in mechanical properties of a glass preform subjected to different levels of UV exposure. The results reveal that short-term exposure leads to an appreciable increase in the Young's modulus (E), suggesting the densification of the glass, confirming the compaction-densification model. However, on prolonged exposure, E decreases, which provides what we believe to be the first direct evidence of dilation in the glass leading into the Type IIA regime. The present results rule out the hypothesis that continued exposure leads to an irreversible compaction and prove that index modulation regimes are intrinsic to the glass matrix. © 2009 Optical Society of America OCIS codes: 060.3738, 060.2370, 160.5335. A fiber Bragg grating (FBG) is a periodic or aperiodic modulation of the refractive index of the core of an optical fiber produced by exposing it to a patterned UV radiation. FBGs are used in a variety of applications including sensing, telecommunication, optical devices, etc.
A fiber Bragg grating (FBG) is a periodic or aperiodic modulation of the refractive index of the core of an optical fiber produced by exposing it to a patterned UV radiation. FBGs are used in a variety of applications including sensing, telecommunication, optical devices, etc. [1] . The linewidth and the intensity of the light reflected by an FBG, which are important in many applications, are determined by the index modulation and therefore critically controlled by the photosensitivity of the fiber. Consequently, thorough understanding of the mechanism of photosensitivity in optical fibers is essential to tailor the grating properties for a specific application.
Germanosilicate (GeO 2 : SiO 2 ) fibers, which exhibit a large refractive index change under UV exposure (10 −4 to 10 −3 at 248 nm), have been extensively used in the fabrication of FBGs. The refractive index modulation in germanosilicate fibers is dependent on several factors, such as laser power, laser pulsing, and cumulative fluence (CF) of exposure [1] ; at lower CF, a positive index modulation defined as a Type I regime is observed. However, with prolonged exposure, an erasure of the initial index modulation and subsequent growth of a negative-index modulation (defined as Type IIA) occurs. The exposure thresholds for Type I and Type IIA regimes depend on the type of fiber used, the quality of the inscription process, etc. A summary of latest nomenclature of the different grating types are given in [2] .
There have been several efforts to understand the mechanisms of UV-induced refractive index changes in germanosilicate fibers [1] . Numerous models have been proposed, such as the color center model, the compaction-densification model, the dipole model, and the stress relief model, which can be classified under two categories: the electronic models, which connect the photosensitivity with the defects that are inherently present in the glass and those formed during the fiber drawing process, and the structural models, which associate the photosensitivity with the local structural changes in the glass that occur during illumination.
Experimental investigations [3, 4] reveal that large changes in refractive index under UV exposure cannot be entirely understood in the realm of the electronic schemes, necessitating the need of alternative explanations.
The compaction-densification model (structural in nature) is based on laser-irradiation-induced density changes, which lead to changes in index of refraction; experimental investigations [5] undertaken on a-SiO 2 samples reveal that the irradiation at intensities well below the breakdown threshold induces a thermally reversible linear compaction in the glass, through an internal structural rearrangement, which is not primarily a process of defect creation. It is also suggested that the compaction is reversible within a regime, and the continued accumulation of UV irradiation beyond this regime leads to an irreversible compaction until the film is entirely etched. However, a recent study using an optical technique showed that refractive index changes in Er 3+ / Al-doped silica preform are due to a densification process followed by dilation under higher pulse energies at 193 nm [6] . In this context, it is interesting to note the results of the Raman scattering studies [7] on single-mode germanosilicate fibers, which show that during UV illumination there is a decrease in sixfold rings and a simultaneous increase in the concentration of fourfold rings of SiO 4 and GeO 4 tetrahedra. The photoinduced densification caused by the collapse of the higherorder to lower-order ring structure is held responsible for the changes in refractive index.
In this Letter, nanoindentation studies have been undertaken on a germanosilicate preform that was exposed to UV irradiation. Experiments have been performed on preforms, as it is difficult to carry out nanoindentation studies on optical fibers. The main motivation behind this study is to explore if there are any changes in the mechanical properties of the glass during exposure that will confirm the structural changes occurring in the glass and support the compaction-densification framework. Our study shows for the first time, to our knowledge, that UV irradiation indeed changes the Young's modulus, which can provide an insight into the underlying photosensitivity mechanism of germanosilicate glasses.
For nanoindentation studies, two circular discs, each 5 mm in diameter and 3 mm in thickness were cut from a photosensitive preform (Fibercore, SM1500͑5.3/ 80͒, NA= 0.23) with 10 mol .% Ge. The preform discs, marked as (a) and (b) in Fig. 1 , were embedded in a polymer mould, and the surface was polished to optical transparency using a gradation of emery sheets starting from 600 to 2500 grade, followed by diamond polishing starting from 9 m to 0.25 m grain size. The preform sample, (a), was divided into three sections, a1, a2, and a3; a1 was retained as the unexposed section. Section a2 was exposed to a pulsed ͑100 Hz͒ KrF excimer laser at 248 nm for 30 min with an energy density of 0.08 mJ/ mm 2 / pulse, which is less than the CF required to reach the saturation level of the Type I regime [1] . Section a3 was exposed under same conditions for 60 min. Sample (b) was divided into two sections, b1 and b2, where these two sections were exposed to the same energy density as that of (a) and for 15 min and 45 min, respectively. A thin rectangular slit of width 1.5 mm cut into an optically opaque material was used to selectively expose the preform disc. Nanoindentation measurements were performed using a Hysitron Triboindenter and applying a peak load of 5000 N with a load rate of 500 N/s for 10 s, using a Berkovich tip. The loading and unloading rates were same, with no hold time.
Representative load ͑P͒ versus depth of penetration ͑h͒ curves obtained from sections a1, a2, and a3 are shown in Fig. 2 . The overlap of the three P-h curves indicates that the depth of penetration for a given load is the same for all the three sections. The inset in Fig. 2 shows the residual impression on the specimen surface obtained using the inbuilt Triboscanner imaging facility, which shows that there are no cracks produced in the sample during indentation. The P-h curves were analyzed using the Oliver-Pharr method to extract the hardness ͑H͒ and Young's modulus ͑E͒. Six indentations on each section were performed. Each point shown in the plot in Fig. 3 is an average of the six measurements in each section. The error bar indicates the standard deviation obtained from these six measurements. The standard deviation of E was less than 0.95 GPa, and that of H was less than 0.48 GPa.
Measured values of H and E on the five sections (a1, a2, a3, b1, b2; see Fig. 3 ) show that the variation in H during UV exposure is within the scatter band ͑⌬H Ͻ 1 GPa͒. In contrast, changes in E were significant; the 15 min exposure increases E by 1.5 GPa and the 30 min exposure increases by 3 GPa as compared with that of the pristine sample, whereas for the longer exposure; i.e., for 45 min, E shows a reduction of 2 GPa, and 60 min exposure shows a reduction of 8 GPa as compared with that of the section with 30 min exposure. The changes in E are well above the scatter bands and truly reflect the structural changes that have taken place, owing to UV exposure. The earlier studies on a phosphate glass subjected to 193 nm laser irradiation also indicate that the variation in hardness under different exposure conditions is nonspecific, whereas the variation in Young's modulus is more specific [8] .
The elastic modulus of a material depends on its density, with a power law scaling. The power-law exponent can be cubic, quadratic, linear, or a combination of the three, depending on the range of densities being considered [9] . The appreciable increase in E for short term exposure clearly implies a pronounced densification of the glass in the Type I regime, confirming the conjecture of the compactiondensification model. Subsequent decrease in E upon longer exposure shows that there is a dilation occurring in the glass, which leads into the Type IIA regime.
The earlier birefringence studies [10] on boron and strontium codoped germanosilicate fibers under UV exposure reveal that during the development of the Type I grating, there is an increase in tensile stress and a reduction in core stress in the Type IIA regime; i.e., the evolution of Type I and the transition to Type IIA are associated with compaction and dilation of the glass. These results are in perfect agreement with the present nanoindentation studies. However, the earlier results provide indirect evidence based on optical investigations, whereas the present results provide what we believe to be the first direct evidence for densification and dilation in the glass based on mechanical measurements.
The decrease in E and consequently the density of the glass under prolonged exposure also rules out the earlier hypothesis [5] that continued accumulation of UV irradiation beyond the Type I regime leads to an irreversible compaction. In this context, it is important to note the differences between preform and fiber, although they essentially share the same absorption spectra. Preforms and fibers possess different stress and defect distribution: in preforms these arise from thermal expansion inhomogeneities, whereas in optical fibers one must also consider the role of drawing induced defects. Nanoindentation studies can differ for fiber compared with that of preform, as the stress distribution in fiber differs largely from that of preform [11] . Nevertheless, the observed results are important, as they indicate that the refractive index modulation regimes are indeed intrinsic to the glass matrix.
To summarize, nanoindentation studies have been undertaken on germanosilicate preforms under different exposure conditions. There is an appreciable increase in E for short-term exposure (Type I regime), indicating a pronounced densification of the glass, which is in agreement with the compactiondensification model. The large decrease in E observed during prolonged exposure provides the first (to our knowledge) direct evidence that there is dilation in the glass that leads into the Type IIA regime. Further, the present results also rule out the earlier hypothesis that continued accumulation of UV irradiation beyond the Type I regime leads to an irreversible compaction of the material. The fact that the present results are observed on preforms indicates that the refractive index modulation regimes are more intrinsic to the glass matrix.
